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Introduction 
 
This grant is comprised of two complementary projects.  For the purposes of this report, 
progress for each project will be described separately below. 
 
 
 
Body 
 
Project 1 
 
The objective of this project is to develop a novel therapeutic agent that specifically targets 
human leukemia stem cells (LSC).  While the concept of a critical leukemia stem cell in 
myeloid disease has been postulated for over three decades, to date no therapeutic agent 
has been identified that specifically and preferentially ablates LSC in vivo.  Thus, the central 
premise of this grant is that direct targeting of LSC will yield more effective therapy for 
leukemia. Previously, we demonstrated that parthenolide (PTL) is highly cytotoxic to LSC in 
vitro, but does not significantly affect normal hematopoietic stem cells (HSC).  However, 
solubility of PTL is limiting; thus we have generated a PTL analog, dimethyl amino 
parthenolide (DMAPT), that is much more soluble in water and retains the anti-leukemic 
activity of PTL.  Using this agent, the tasks below were specified: 
 
SOW task #1: To demonstrate that a parthenolide analog can be used for preclinical and 
clinical applications related to treatment of chronic leukemia (Months 1-36).  
 
Studies completed, please see progress reports from years 1-3. 
 
SOW task #2: To demonstrate that a parthenolide analog can function as a chemosensitizing 
agent to enhance ablation of chronic leukemia cells (Months 37-60). 
 
In order to identify optimal drug combinations to employ with parthenolide, we have 
performed a series of studies designed to determine the central molecular properties of 
parthenolide.  Our rationale has been that if we can understand the specific pathways 
modulated by parthenolide, then we can make rational predictions regarding how to use this 
compound in combination with conventional agents to achieve chemosensitization.  In the 
following sections we provide a detailed analysis and summary of drug mechanism: 
 
 
 
Primitive primary human AML cells differentially express genes required for control of 
redox state 
 
Extensive previous studies have demonstrated that more primitive hematopoietic stem and 
progenitor cells reside within a small subset of bone marrow cells expressing the CD34 



W81XWH-07-1-0601 

 5 

surface antigen (23).  In addition, it has been demonstrated that primitive AML cells also 
generally express CD34 and are more resistant to conventional chemotherapy (20-22).  
Thus, in order to focus our studies specifically on the most critical subpopulations, we 
isolated CD34+ cells from AML patients (Supplemental Table 1) and normal bone marrow 
(NBM) donors for studies presented in this manuscript.    

 
To investigate differences in the antioxidant machinery of primary AML vs. normal 

hematopoietic cells, we compared protein expression of all major antioxidant genes. Because 
recent studies have demonstrated many conventionally used “house-keeping” genes are 
differentially expressed in cancer vs. normal tissues (24, 25), and we consistently found 
GAPDH protein level differs significantly in CD34+ AML vs. CD34+ NBM cells (Supplemental 
Figure 1), we chose to compare protein expression of antioxidant genes from the same 
number of cells (Figure 1B) or the same amount of protein lysates (Supplemental Figure 2).  
As shown in Figure 1B, probing the lysates from equal numbers of CD34+ AML (n=9) and 
NBM cells (n=4) revealed comparable levels of SOD1 protein expression. However, SOD2 
and CAT protein expression appeared to be down-regulated in about half of AML specimens 
examined, suggesting SOD and/or CAT functions are compromised in some AML specimens. 
In contrast, we found that the majority of AML specimens had up-regulated protein 
expression of glutathione pathway components including GCLC, GCLM, and GSS, which are 
required for glutathione biosynthesis, and GPX1 and GSR, which are involved in glutathione 
homeostasis. In addition, GSTP1 protein which is known to be over-expressed in several 
hematopoietic malignances including childhood acute lymphoblastic leukemia (26) and 
chronic lymphoblastic leukemia (27) was also up-regulated in our cohort of primary AML 
specimens. Lastly, TXN protein was up-regulated in a majority of AML patients as well. To 
exclude the possibility that the differences described above were due to a higher protein yield 
in leukemic vs. normal specimens, we also compared the expression of these anti-oxidant 
genes within equal amounts of total protein from each specimen (Supplemental Figure 2). 
The results consistently demonstrated a global up-regulation of glutathione pathway 
components in CD34+ AML specimens. 
 

 To gain further insight on the differential expression of redox genes, we compared their 
mRNA expression as well. We used mean expression of HPRT1, GUSB, and TBP as 
reference to internally normalize the expression of each gene within each specimen 
(Supplemental Figure 3A, B, C, D). Average expression of each gene in CD34+ NBM (n=4) 
cells was set to 1, and the relative expression of each gene in each specimen was calculated 
accordingly. Shown in Figure 1C, in 9 out of 10 genes examined (except for GCLM), mRNA 
levels between AML and NBM cells mirrored the direction of differences we observed at the 
protein level.  For example, CD34+ AML cells have significantly down-regulated expression of 
SOD2 (0.16 fold, p=0.046), and up-regulated expression of GSS (1.22 fold, p=0.041), GPX1 
(3.42 fold, p=0.016) and TXN (1.27 fold, p=0.041) mRNA (Figure 1C, also see Supplemental 
Figure 3E), consistent with the differences we observed in our western blot analysis (Figure 
1B). For many genes the degree of difference at the protein level surpasses the differences in 
mRNA expression, suggesting redox genes may be regulated at both the transcriptional and 
translational level.  Importantly, of the 6 genes directly involved in glutathione biosynthesis 
and homeostasis (GCLC, GCLM, GSS, GPX1, GSR and GSTP1), 5 had elevated mRNA and 
protein expression in the AML specimens, indicating a global up-regulation of the glutathione 
pathway in CD34+ primary AML cells.  
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Primary human AML cells have aberrant glutathione metabolism 
 

To directly compare glutathione pathway activity in primary human AML and normal cells, 
we quantified the amount of reduced (GSH) and oxidized (GSSG) glutathione in isolated 
CD34+ NBM (n=4) and CD34+ AML (n=11) cells. Our results show that, compared to CD34+ 
NBM cells, GSH level is significantly lower and GSSG level is generally higher in CD34+ AML 
cells (Figure 2A, B). As a result, CD34+ AML cells have significantly less total glutathione 
(sum of GSH and GSSG) as well as a significantly decreased GSH to GSSG ratio (Figure 2C, 
D). These data indicate an aberrant glutathione homeostasis in CD34+ primary AML cells. 
 

We next compared glutathione turnover rate in CD34+ AML and CD34+ NBM cells. CD34+ 
AML and NBM cells were isolated and cultured in media with isotope-labeled cystine (13C15N-
Cystine).  We measured newly synthesized glutathione (13C15N-glutathione) as percentage of 
total glutathione over time in each cell type. Over half of the AML specimens tested had a 
greater glutathione turnover at all time points compared to CD34+ NBM specimens (Figure 
2E, F). In particular, after 8 hours, the percentage of newly synthesized glutathione is 
significantly higher in CD34+ AML cells comparing to CD34+ NBM cells (Figure 2G). These 
data indicate glutathione turnover rate is higher in AML specimens, suggesting glutathione 
synthesis and consumption are elevated in AML cells.  
 
Primitive human AML cells are differentially sensitive to agents that deplete 
glutathione 
 

The aberrant glutathione metabolism documented in Figure 2 suggests that AML cells 
might be vulnerable to further inhibition of glutathione pathway activity. Consequently, we 
investigated the activity of several experimental agents that are predicted to modulate 
glutathione metabolism. We first studied parthenolide (PTL), which we have previously shown 
is toxic to primary AML cells (including leukemic stem and progenitor populations) while 
sparing normal cells (19). PTL contains an active alpha, beta-unsaturated-gamma-lactone 
group (Figure 3B, red circular area) that should readily react with the free thiol group of 
glutathione. Indeed, PTL induced a dose-dependent decrease of cellular glutathione within 2 
hours of treatment in AML cells (n=3, Figure 3A).  We then compared CD34+ cells from AML 
patients (n=5) and NBM donors (n=5) treated with 7.5uM PTL to determine the change of 
total glutathione as a function of time. All CD34+ AML specimens experienced >95% of 
maximal glutathione depletion after 4 hours of PTL treatment (red lines, Figure 3B).  
However, normal CD34+ cells treated with a same dose of PTL responded with only 60-80% 
maximal glutathione depletion at 4 hours, followed by a robust rebound of cellular glutathione 
(up to 100% of untreated state) between 4-10 hours (black lines, Figure 3B).  These data 
indicate glutathione homeostasis in AML cells is more vulnerable to PTL treatment. 
Importantly, this vulnerability correlates directly with cytotoxicity.  Consistent with our previous 
findings, 7.5uM PTL treatment induced significantly more cell death in CD34+ AML cells than 
CD34+ NBM cells (Figure 3C). Taken together, these results suggest aberrant glutathione 
metabolism in AML cells can be targeted to induce AML-specific cell death.  
 

Severe and sustained depletion of the cellular glutathione pool is known to induce 
oxidative stress and stimulate apoptosis (28-30). We observed the induction of anti-oxidant 
defenses such as heme oxygenase 1 (HO-1) at 4 hours following PTL treatment (Figure 3D), 
the point at which glutathione depletion reaches maximal (Figure 3B). Onset of apoptosis 
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pathway activity as indicated by cleavage of caspase 3 and PARP began at 4 hours, and 
maximized at 6 hours (Figure 3D).  Importantly, PTL-induced reduction of glutathione clearly 
occurs before the onset of apoptosis (Figure 3B), indicating that glutathione loss precedes 
apoptosis and is not a non-specific downstream consequence of apoptotic mechanisms. 
 

To expand our studies beyond PTL, we also investigated piperlongumine (PLM), a 
compound with a potentially similar mechanism-of-action. PLM was selected for two reasons: 
1) It contains two functional alkene (olefin) groups that are adjacent to each of its ketone 
groups, indicating that PLM should be a potent electrophile, with a chemical structure similar 
to PTL (31) (red circular areas, Figure 3E). 2) A recent study reported PLM displays selective 
toxicity towards many types of cancer cells, an activity associated with induction of ROS (32).   
 

We first confirmed the ability of PLM to deplete cellular glutathione in a dose-dependent 
manner (Supplemental Figure 4). At a 10uM dose, PLM achieved a very similar degree of 
glutathione depletion as PTL at 7.5uM. Consequently, we treated CD34+ AML (n=3) and 
CD34+ NBM cells (n=2) with 10uM PLM and monitored the change of cellular glutathione 
over time. Similar to the activity of PTL, we observed that a 4 hour treatment with PLM 
induced a >90% maximal glutathione depletion in leukemic cells, but only ~60% maximal 
glutathione depletion in CD34+ NBM cells (Figure 3E). Importantly, consistent with its 
selective toxicity to many other cancer types (32), 24 hours treatment with 10uM PLM 
strongly induced cell death in CD34+ AML cells, but only limited toxicity in CD34+ NBM cells 
(Figure 3F). Lastly, while PLM treatment in CD34+ AML cells induces severe glutathione 
depletion as soon as 2 hours, PARP and caspase-3 cleavage were only evident at around 6 
hours post PLM treatment (Supplemental Figure 4), again indicating that glutathione 
depletion precedes the onset of cell death. 
 

Overall, these data suggest CD34+ primary AML cells are more sensitive to agents 
depleting glutathione. In addition, the differential response of CD34+ AML vs. NBM cells 
further indicate an intrinsic difference between mechanisms regulating the glutathione 
pathway in leukemic and normal cells.  
 
Parthenolide directly binds to multiple glutathione pathway components 
 

To further investigate how PTL affects cellular glutathione metabolism, we employed more 
detailed analyses using biochemical and genetic approaches. Reactive cysteine sites are 
known to be important for enzymatic function of many glutathione pathway components 
including GCLC, GCLM and GPX1 (33-38). Given the fact that agents like PTL contain active 
moieties that readily react with accessible cysteines containing free thiol groups, we 
reasoned that this class of agents should further inhibit glutathione pathway activities by 
directly binding to and interfering with enzymes that regulate this pathway. To test this 
premise, we employed a biotinylated analogue of PTL for biochemical studies. As we have 
previously described, PTL can be converted to the stereoisomer melampomagnolide B 
(MMB), as a first step in the chemical process of adding a biotin moiety (Figure 4A).  
Importantly, MMB-biotin retains the biological activity of PTL, albeit at a slightly reduced 
potency due to steric hindrance of the biotin moiety.  Using MMB-biotin, we previously 
performed pull-down experiments and identified known binding partners of PTL, such as IKK-
beta and the NF-kB p65 (39).  Here we employed an analogous strategy to investigate 
interactions of PTL with regulators of the glutathione pathway. CD34+ primary human AML 
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cells were treated with MMB-biotin, lysed, and then incubated with streptavidin beads to 
purify all protein targets of PTL.  Subsequent studies using liquid-phase-mass-spectrometry 
(LC-MS/MS) identified GCLC and GPX1 as direct binding targets of PTL along with 
antioxidant protein TXN (Figure 4C).  
 

To test the specificity of binding events between PTL and its protein targets, we carried out 
a competitive binding assay. As outlined in Figure 4B, CD34+ primary AML cells were 
pretreated with or without PTL followed by MMB-biotin treatment. Lysates were made from 
each treatment group and then passed over a streptavidin column to enrich for proteins that 
are directly bound by MMB-biotin. This methodology allowed us to identify specific binding 
targets of PTL. Using this approach, we successfully pulled down GCLC, GCLM, GPX1, and 
TXN proteins from cells that were treated with MMB-biotin (Figure 4C, lane 5).  Importantly, a 
pretreatment with PTL competed the binding of MMB-biotin to GCLC, GCLM, GPX1, and 
TXN, indicating that these interactions were specific (Figure 4C, lane 6). IKK-beta, a known 
binding target of PTL was used as a positive control for our assay (40).  
 

To gain insights into these binding events at the molecular level and to predict their 
functional consequences, we built structures of the human GCLC/GCLM complex and GPX1 
protein based on available crystal structures of their homologous proteins, and subsequently 
modeled docking events of PTL to accessible cysteines (Figure 4D, E). Our results show 
there are multiple cysteines in GCLC, GCLM, and GPX1 proteins that are available for PTL 
binding.  In general, these binding events could result in protein instability or specific enzyme 
activity loss.  For example, Cys 249 of GCLC is evolutionarily conserved and resides near the 
glutamate-binding site (34). Therefore, this binding event would potentially interfere with the 
enzymatic function of GCLC (Figure 4D, green box). In addition, PTL readily forms covalent 
bonds with Cys 553 of GCLC and Cys 193, 194 of GCLM (Figure 4D red box), which have 
been proposed to be involved in inter-subunit disulfide bond formation between GCLC and 
GCLM (35, 36). Formation of the GCLC and GCLM heterodimer is important for the 
holoenzyme activity of GCL (38), suggesting such binding events could disrupt GCL 
holoenzyme formation and consequently diminish its activity. In the case of GPX1, 
selenocysteine Se-Cys 49 is known as the active center of glutathione peroxidase (41). 
Therefore, binding between PTL and Se-Cys 49 of GPX1 could potentially impair GPX1 
enzymatic function (Figure 4E). 
 
Targeting glutathione pathway enzymes GCLC and GPX1 is important for the anti-
leukemia activity of PTL 
 

To further study the functional consequence of binding events between PTL and its 
targets, we measured the expression of proteins following PTL treatment. We found that 
GCLC protein level decreased in all primary AML specimens (n=3) as well as in the leukemic 
cell line M9-ENL cells (42) (Figure 5A). GPX1 protein level also decreased in most cases as 
well (Figure 5A).  These data suggest degradation of GCLC and GPX1 is a component of 
PTL-mediated cell death in AML cells. If so, decreasing the function of these genes should 
render AML cells more sensitive to PTL. To test this hypothesis, we performed shRNA-
mediated knock down of GCLC and GPX1 mRNA expression in the M9-ENL cell line and 
tested their sensitivity to PTL treatment. Clone A of sh-GCLC achieved a very efficient 
reduction in GCLC mRNA and protein (Figure 5B, C), which resulted in a significantly 
increased sensitivity to PTL treatment (Figure 5D). Similarly, clone B of sh-GPX1 successfully 
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knocked down GPX1 mRNA and protein expression (Figure 5E, F), resulting in increased 
sensitivity to PTL as well (Figure 5G). These data indicate GCLC and GPX1 degradation are 
functionally important to PTL toxicity. Notably, both GCLC and GPX1 expression are up-
regulated in AML cells (Figure 1B, C), suggesting PTL-induced GCLC and GPX1 degradation 
could increase selective toxicity towards AML cells.  

 
Cellular glutathione pathway activity determines parthenolide sensitivity in solid 
tumors 

 
To extend our analysis beyond leukemic cell types, we correlated relative PTL sensitivity 

and global gene expression profile of 307 solid tumor cell lines (multiple histologies) to 
determine gene functions that are associated with PTL resistance (Supplemental Table 2).  
This study identified GPX2, a gastrointestinal glutathione peroxidase (presumably the solid 
tumor equivalent of GPX1), as the top ranked gene associated with PTL resistance.  In 
addition, GCLC and SLC7A11, a subunit of the cystine transporter upstream of glutathione 
biosynthesis, were correlated with PTL resistance as well. These findings indicate cancer 
cells with elevated glutathione pathway activity will be more resistant to PTL.  This is 
consistent with the results of GCLC and GPX1 knock-down experiments showing AML cells 
with decreased GCLC and GPX1 function are more sensitive to PTL. Together, these studies 
indicate glutathione pathway activity is a critical determinant of PTL toxicity in AML cells, as 
well as other solid tumor types. 
 
Parthenolide and piperlongumine represent a novel class of anti-leukemic agents  
 

Our findings of aberrant glutathione metabolism in CD34+ primary AML cells as well the 
abilities of PTL-like agents in targeting the glutathione pathway raised the possibility that 
PTL-like agents may represent a fundamentally different type of drug relative to the agents 
typically employed for leukemia therapy.  To investigate this issue in more detail, we first 
performed side-by-side efficacy test of PTL and PLM in comparison to the front line AML drug 
cytarabine (Ara-C) and the anthracycline idarubicin (IDA).  Shown in Figure 6A and B, when 9 
primary human AML specimens were treated with Ara-C or IDA, CD34+ populations in more 
than half of the specimens displayed a significant level of resistance (Figure 6A, B).  This is 
presumably due to the fact that CD34+ AML cells are enriched for more quiescent stem and 
progenitor cells, and are relatively more resistant to chemotherapy (20-22). In contrast, 7.5uM 
PTL, which is well tolerated by CD34+ NBM cells, showed 75-95% toxicity to 7 out of 9 
specimens tested (Figure 6C).  We observed similar results when this group of AML cells was 
treated with PLM, where 10uM PLM induced 60-95% toxicity to 7 out of 9 specimens (Figure 
6D).   These findings are noteworthy in that conventional agents, like PTL/PLM, are also 
known to induce oxidative stress (9), however as clearly shown in Figure 6, they are 
markedly less active towards CD34+ AML cells.  This observation prompted us to investigate 
the mechanisms controlling oxidative stress induction in more detail and to ask whether the 
differential toxicity of PTL/PLM is correlated to their ability to modulate glutathione pathway 
activities.  To this end, we treated AML specimens with each drug and monitored the change 
of glutathione following treatment.  As shown in Figure 6E, in striking contrast to PTL and 
PLM, treatment with Ara-C and IDA did not significantly change total glutathione level in 
CD34+ AML cells.  This finding was also verified in the M9-ENL cell line.  When M9-ENL cells 
were treated with each drug at doses that resulted in comparable cell death (Figure 6F), PTL 
and PLM induced dramatic glutathione depletion, but Ara-C and IDA had little to no effect on 
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cellular glutathione contents (Figure 6G). Together, these data clearly indicate PTL and PLM 
possess a unique ability to inhibit the cellular glutathione system and are effective against 
CD34+ primary human AML cells, thereby representing a class of anti-leukemic agents that 
function by a distinctly different mechanism-of-action in comparison to standard 
chemotherapy agents. 
 
Toxicity of PTL in combination with conventional anti-leukemic agents cytarabine and 
idarubicin 
Our findings of aberrant glutathione metabolism in CD34+ primary AML cells as well the 
abilities of PTL-like agents in targeting the glutathione pathway raised the possibility that 
combining PTL-like agents with conventional drugs might be a beneficial strategy.  Thus, we 
tested whether combinations of such agents could act to synergistically induce AML cell 
death.  Three primary AML specimens were treated with either Ara-C or IDA alone or in 
combination with PTL. The toxicity of each drug combination is presented in Figure 7A (PTL + 
Ara-C) and 7B (PTL + IDA). In all AML specimens tested, addition of PTL was beneficial in 
terms of overall cytotoxic activity.  Notably, a modest dose of PTL (5uM) combined with a 
sub-optimal dose of Ara-C (5uM) or IDA (60nM) resulted in 82%-93% cell death in all 
specimens tested (red bars, Figure 7A, B). To better quantify the effect of PTL with Ara-C or 
IDA, we calculated the potential synergy of each drug combination, where the combination 
index score (CI) indicates synergism (0.4 < CI < 0.6), moderate synergism (0.6 < CI < 0.8), 
slight synergism (0.8 < CI < 0.9), additivity (CI > 0.9), or antagonism (CI > 1.1).  The results of 
this analysis were converted into a heat map format to better illustrate the data (Figure 7C). 
We found that the PTL and Ara-C combination displayed strong to slight synergism in all 
three AML specimens tested, although a different dose combination was required to achieve 
maximum synergy for each AML.  In the case of the PTL and IDA, the combination showed 
synergy in one specimen (CD34+ AML2), with additive effects in two additional specimens 
(CD34+ AML 7, and 8).  Together these results suggest agents like PTL can be combined 
with conventional chemotherapy to target more resistant CD34+ primary AML cells.  
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Figure 1 
Primitive primary human AML cells differentially express genes required for control of redox state.  
(A) Schematic diagram showing major antioxidant machineries required for control of redox state. (B) 
Expression of major antioxidant proteins in freshly isolated primary human CD34+ NBM (n=4) and CD34+ AML 
(n=9) specimens. Lysates from equal number of cells (100K) were loaded in each lane. Total amount of protein 
was quantified and presented as microgram (ug) protein per lane. (C) Relative mRNA expression of major 
antioxidant genes in freshly isolated primary human CD34+ NBM (n=4) and CD34+ AML (n=9) specimens. 
Mean expression of HPRT1, GUSB, and TBP was used as reference to internally normalize the expression of 
each gene within each specimen. Average expression of each gene in CD34+ NBM (n=4) cells was set to 1, 
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and the relative expression of each gene in each specimen was calculated accordingly and presented as dot 
plot. Mean ± SEM of each group is presented . * indicates a significant difference.   
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Figure 2 
Primary human AML cells have aberrant glutathione metabolism.  
Amount of reduced (GSH) (A), oxidized (GSSG) (B), total glutathione (sum of GSH+GSSG) (C), and GSH to 
GSSG ratio (D) in each specimen. (E, F) Time-dependent increase of newly synthesized glutathione (13C15N-
glutathione) as percentage of total glutathione in CD34+ NBM cells (n=3) and CD34+ AML cells (n=5). (G) 
Glutathione turnover at 8 hours post culturing CD34+ NBM (n=3) or CD34+ AML (n=5) cells in media with 
13C15N-labeled cystine. In A, B, C, D and G, each dot represents the value of each specimen. Median ± IQR 
(Inter-Quartile Range) of each group is presented as error bar. * indicates a significant difference. 
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Figure 3 
Primitive human AML cells are differentially sensitive to agents that deplete glutathione.  
(A) PTL-induced dose-dependent glutathione depletion in primary human AML cells (n=3). (B) Structure of PTL 
and PTL-induced cellular glutathione level change as a function of time. Red lines indicate changes in CD34+ 
AML cells (n=5) and AML cell line M9-ENL cells. Black lines indicate changes in CD34+ NBM cells (n=5). (C) 
Percentage of viable cells after being cultured with 7.5uM PTL for 24 hours. (D) Western blot showing 7.5uM 
PTL induced protein expression change of oxidative stress and apoptosis markers. (E) Structure of PLM and 
PLM-induced cellular glutathione level change as a function of time. Red lines indicate changes in CD34+ AML 
cells (n=3) and AML cell line M9-ENL cells. Black lines indicate changes in CD34+ NBM cells (n=2). (F) 
Percentage of viable cells after being cultured with 10uM PLM for 24 hours. In C and F, Mean ± SD of each 
group is presented as bar graph.  ***p<0.0005, *p<0.05.  
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Melampomagnolide B has been identified as a new antileukemic sesquiterpene. A biotin-conjugated
derivative of melampomagnolide B was designed and synthesized in order to elucidate its mechanism
of action. A study of the biochemical interactions of the biotin probe suggests that melampomagnolide
B derives its remarkable selectivity for leukemic cells over normal hematopoietic cells from its unique
ability to exploit biochemical differences between the two cell types.
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1. Introduction

Thepast several years have seen a surge of interest in the antican-
cer properties of sesquiterpene lactones. A germacrenolide, parthe-
nolide (PTL, 1, Fig. 1) has been noted for its remarkable antileukemic
properties.1 Initial efforts pertaining to the biomechanistic study of
parthenolide and its analogs revealed that they seem to promote
apoptosis by inhibiting the activity of the NF-jB transcription factor
complex, and thereby down-regulating anti-apoptotic genes under
NF-jB control.2–7Wehave recently demonstrated that parthenolide
induces robust apoptosis of primary acute myeloid leukemic (AML)
cells.8,9 Inparticular, parthenolide causes cell death inAMLstemand
progenitor cells in vitro, with minimal toxicity towards normal
hematopoietic cells. The apoptosis induced by parthenolide is not
solely due to NF-jB inhibition, but rather arises from a broad set of
biological responses, which likely include activation of p53 and an
increase in reactive oxygen species. Parthenolide has also been the
source of several novel antileukemic compounds arising from our
program over the past decade. We successfully overcame the poor
water-solubility of parthenolide by adding amines to the exocyclic
olefin of the enone function of 1, thereby rendering the resulting
compounds water-soluble.10,11 Such adducts showed retention of
antileukemicproperties of parthenolide; inparticular, thedimethyl-
amine-adduct of parthenolide (DMAPT, LC-1, 2, Fig. 1), which has

progressed to phase-I clinical trials in the United Kingdom for the
treatment of AML, ALL, and CLL.10

We now report on the identification of melampomagnolide B
(MMB, 3, Fig. 1), a melampolide originally isolated from Magnolia
grandiflora,12 as a new antileukemic sesquiterpene with properties
similar to parthenolide. MMB was synthesized utilizing a modifica-
tion of themethod of Macias et al.13 via selenium oxide oxidation of
the C10 methyl group of PTL, which also results in concomitant
conversion of the geometry of the C9–C10 double bond from trans
to cis. This compound is of great interest to us for two reasons. First,
the anti-leukemia activity of MMB is excellent, and indistinguish-
able from PTL. Second, as a functionalized analog of PTL, the MMB
molecule allows the synthesis of conjugated analogs that retain bio-
logical activity. For example, as a laboratory tool,wecreatedabiotin-
ylated analog of MMB via conjugation at the allylic hydroxyl group,
and used this reagent to identify MMB target proteins in AML cells.
This approach has proven to be extremely useful in better under-
standing the underlyingmechanisms bywhich anti-leukemia activ-
ity is achieved. Thus, as a basis for the further development of this

0968-0896/$ - see front matter ! 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmc.2010.12.045
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Figure 1. Structures of PTL (1), DMAPT (2), and MMB (3).
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Figure 4  
Parthenolide directly binds to multiple glutathione pathway components.  
(A) Chemical structure of MMB-biotin. Dashed box outlines the part of molecule retains intact structure of MMB, 
a stereoisomer of PTL. (B) Schematic diagram showing the procedure of competitive binding assay. (C) 
Antioxidant proteins identified as PTL binding targets via competitive binding assay. Input and pull-down 
products from cell lysates of AML cells treated with biotin alone (lane 1, 4), MMB-biotin alone (lane 2, 5), or PTL 
followed by MMB-biotin (lane 3, 6) were probed with antibodies against various proteins. Pull-down products 
from MMB-biotin treated AML cell lysates were also subjected to LC-MS/MS analysis, and the results are 
presented side-by-side with competitive binding assay results in the table. “+” indicates a positive result, and “/” 
indicates a negative result. Numbers indicate number of peptides recognized by MS/MS for the identification 
any specific protein targets. (D, E) Covalent docking results of PTL to GCLC/GCLM holoenzyme complex (D) 
and GPX1 (E). The L-glutamate binding site of GCLC is enlarged in green box, and the heterodimer interface of 
GCLC/GCLM complex is in red box. The cysteines covalently attached with PTL are shown as surface 
representations, while the PTL structure is shown as thick sticks. Side chains of the key residues involved in 
enzymatic functions are shown as thin sticks.  
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Figure 5 
Targeting glutathione pathway enzymes GCLC and GPX1 is important for the anti-leukemia activity of 
PTL.  
(A) Western blot showing 0, 2, 4, 6 hour GCLC and GPX1 protein expression in primary human AML cells (n=3) 
and M9-ENL cells treated with 7.5uM PTL. GAPDH is probed as loading control. Expression of GCLC mRNA 
(B) and protein (C) in M9-ENL cells infected with scramble shRNA control (sh-scr ctl.) or shRNA targeting 
GCLC (sh-GCLC A). (D) Percentage of viable M9-ENL cells after being cultured with increasing doses of PTL 
for 24 hours. Expression of GPX1 mRNA (E) and protein (F) in cells infected with scramble shRNA control (sh-
scr ctl.) or shRNA targeting GPX1 (sh-GPX1 B). (G) Percentage of M9-ENL cells after being cultured with 
increasing doses of PTL for 24 hours. Error bars represent mean ± SD of triplicates. *p<0.05. 
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Figure 6  
Parthenolide and Piperlongumine represent a novel class of anti-leukemic agents.  
Viability of CD34+ AML cells (n=9) treated 24 hours with increasing doses of Ara-C (A), IDA (B), PTL (C) or 
PLM (D). (E) Representative graph showing cellular glutathione level change over time in CD34+ AML cells 
treated with Ara-C, IDA, PTL or PLM. (F) Viability of M9-ENL cells treated 24 hours with Ara-C, IDA, PTL or 
PLM at indicated doses. (G) Cellular glutathione level change over time in M9-ENL cells treated with Ara-C, 
IDA, PTL or PLM. In A, B, C, D and F, mean ± SD of triplicates is presented for each data point. In F, 
***p<0.0005. 
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Figure 7 
Toxicity of PTL in combination with conventional anti-leukemic agents.  
Viability of CD34+ AML cells treated with PTL + Ara-C (A) or PTL + IDA (B) at various dose combinations. 
Mean of triplicates is presented. Numbers indicate mean viability. In A, viability of cells treated with 5uM PTL 
alone, 5uM Ara-C alone, and 5uM PTL + 5uM Ara-C combination are highlighted as red bars. In B, viability of 
cells treated with 5uM PTL alone, 60nM IDA alone, and 5uM PTL + 60nM IDA combination are highlighted as 
red bars as well. (C) Heat map showing the degree of synergy for each drug combination at fixed dose combo 
in each AML specimen. Synergism is determined by the combination index (CI) calculated by Calcusyn 
software. Color key for each category is presented at the top of graph: synergism (0.4 < CI < 0.6), moderate 
synergism (0.6 < CI < 0.8), slight synergism (0.8 < CI < 0.9), additive or none (CI > 0.9).  
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Key Research Accomplishments 
 
We have performed a detailed analysis of parthenolide mechanism in leukemia cells. 
 
 
Reportable outcomes 
 
Manuscript submitted 
 
 
Conclusion 
 
The differentially response of normal vs. leukemia cells with regard to glutathione metabolism 
may explain the leukemia-specific activity of parthenolide. 
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Project 2 
 
The primary goal of this project is to investigate how standard therapies effect normal CNS 
stem cells and to develop less toxic regimens for the treatment of cancer: 
 
SOW task #1: To determine whether parthenolide or parthenolide analogs cause CNS 
damage in animals treated with these substances, and to determine whether parthenolide or 
parthenolide analogs enhance the damage caused by cytarabine. (Months 1-24) 
 
SOW task #2: Demonstrate that mice in which purified cells are more oxidized in vitro will 
exhibit more extensive damage from cytarabine, parthenolide (or parthenolide analogs) or the 
combination of these agents, than those in which purified cells are intrinsically more reduced 
(Months 25-48). 
  
SOW task #3: To initiate identification of potential prognostic indicators to detect individuals 
at greater risk for adverse side effects of therapy with cytarabine, parthenolide (or 
parthenolide analogs) or the combination of these agents, and begin testing to provide proof 
of principle for protective strategies that involve administration of N-acetyl-L-cysteine (alone 
or in combination with Vitamins E and/or C) as an anti-oxidant to protect against oxidative 
damage (Months 49-60). 
 
 
The safety of parthenolide derivatives 
 
This portion of the research integrates concerns of CNS toxicity of cancer therapies with 
studies on redox status as an indicator of vulnerability.  
 
In previous project reports, we have provided detailed data for our new studies on toxicity.   In 
brief, we found that most cancer treatment regimens that we examine are toxic for progenitor 
cells and oligodendrocytes of the CNS.   At this stage, we have demonstrated toxicity (both in 
vitro and in vivo) for BCNU, cisplatin, cyclophasphamide, vincristine, cytarabine, 5-fluorouracil 
and tamoxifen.   We also have examined multiple regions of the CNS.  We also found 
substantial toxicity of parthenolide for CNS progenitor cells. 
 
In our last report we noted that we thought that this portion of the work was essentially 
completed, but our continued investigations on this topic has led to us the finding that there 
are some toxicities in vitro that we don’t see in vivo.  Our current hypothesis is that this is due 
to blood-brain barrier permeability of the compounds we are using, with compounds that have 
less permeability being less injurious to the CNS. 
 
Our current hypothesis that is that compounds with low lipophilicity may  offer advantages in 
treating non-CNS cancers, and parthenolide – and more importantly the DMAPT derivative of 
parthenolide that has already entered clinical trials -  is an excellent agent with which to test 
this possibility.  
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Examination of the effects of DMAPT on exceptionally vulnerable mice demonstrates that this 
agent is an outstanding candidate for safe treatment of hematopoietic tumors in respect to 
concerns about damage to the central nervous system.   To conduct these experiments, we 
examined the effects of DMAPT on mice that have a germline mutation that makes them 
exceptionally vulnerable to standard cancer treatments.  We conducted the experiments in 
this manner as usage of any therapeutic compound means exposure in people with widely 
different sensitivities to cancer treatment.  Thus, we are concerned to test vulnerability to this 
compound in conditions in which vulnerability is particularly high. 
 
These experiments were conducted using mice with a germline mutation in the ATM gene.  
Such mice represent an animal model for the disease ataxia-telangiectasia (A-T).  
Approximately 30% of children with A-T develop cancer, and most of these cancers are 
tumors of the hematopoietic system.  Treatment of these cancers is extremely challenging as 
ATM mutations make cells more vulnerable to any agent that causes DNA damage, including 
oxidative stress.  
 
We found that DMAPT does not increase cell death even  in the brains of ATMmut/mut mice.  In 
these experiments, we treated ATMmut/mut mice with DMAPT (100mg/kg twice daily, IP, 7 days 
of treatment) and or with vehicle control.  12 hrs after the last treatment, animals were 
sacrificed and perfused and analyzed by TUNEL staining to examine apoptosis in the CNS.  
Twelve 15 µm sections were analyzed from each brain.   

 
Despite the pro-oxidant activity of DMAPT, there was no effect of this agent on cell death in 
the ATMmut/mut mice.  The brains of control mice contained an average of 4.8 TUNEL+ cells 
per section, while the brains of mice treated with DMAPT contained an average of 3.6 
TUNEL+ cells per section.  While this work is still ongoing, with additional examination of cell 
division in the brains of treated animals, results thus far provide a clear indication that 
treatment of ATM mut/mut mice with an experimentally relevant dosage of DMAPT does not 
cause increased cell death in the CNS.  
 
Our findings that DMAPT are severely toxic for leukemia TICs but have little or no effect on 
normal hematopoietic stem cells (HSCs), combined with our present results suggest that this 
agent is an exceptionally promising candidate to develop as potentially safe new therapeutic 
agent.   
 
 
Developing safer approaches to treatment of cancer 
 
The second central concern of this project has been to develop safer treatments or by 
developing novel means of protecting normal cells from the toxic effects of existing 
chemotherapeutic agents.    
 
In work leading up to this report, we found that it was possible to  protect against many 
aspects of chemotherapy-mediated damage with erythropoietin (EPO).  This exciting 
possibility was the focus of last year’s report because of its potential for clinical relevance as 
well as for its importance to how we approach the problem of understanding the underlying 
mechanisms 
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We have been trying to understand the mechanism of action of EPO, and this has tied in with 
our work on anti-oxidants due to findings that EPO can stimulate activity of Nrf2, a key 
regulator of the anti-oxidant element promoter that controls phase 2 detoxifying enzymes and 
is thus a key regulator of redox status.  
 
At the same time as conducting this work, it has become increasingly clear that the use of 
EPO as a component of cancer treatment is very problematic, as EPO appears to be able to 
provide protection to cancer cells that express EPO receptors.   
 
In addition, the studies in Task 1 and Task 2 have indicated that although there may be 
opportunities to utilize redox regulation as a means of treating cancer, it is necessary to 
identify mechanisms that distinguish between the utilization of redox status in cancer cells 
and in normal cells.  Thus, in parallel with the studies on Task 1 we have pursued parallel 
analyses on how we might harness such differences to develop safer cancer treatments.  
 
Of particular promise in this regard is that we have been repurposing the use of tamoxifen 
(TMX) to treat a variety of cancers through estrogen receptor α (ERα)-independent 
mechanisms.   We have discovered, in other parts of our overall research program, that the 
ability of the known pro-oxidant activities of TMX to induce cancer cell death is inhibited due 
to the prevention of activation of the c-Cbl ubiquitin ligase.   In primary cells, TMX activates c-
Cbl as a consequence of oxidation-mediated activation of Fyn kinase, which in turn 
phosphorylates and activates c-Cbl.  Overexpression of Cdc42 disrupts Fyn-mediated 
activation of c-Cbl.  
 
The above discoveries led us to the discovery that a Cdc42-specific inhibitor (called ML141) 
can enhance the sensitivity of multiple different tumor types to TMX.  This is of great potential 
interest, as use of high-dose TMX has been pursued for over a dozen different cancers 
(including cancers of the hematopoietic system), but there have been virtually no studies on 
how to enhance the utility of the ERα-independent activities of TMX. 
 
Based on our very promising results with basal-like breast cancers, we extended our work on 
ML141 and TMX to analysis of T-cell lymphomas isolated from ATMmut/mut mice.   These 
tumors were of particular interest due to the increasing recognition of the importance ATM 
mutations in tumors of the hematopoietic system.  While ML141 by itself was not effective on 
these cells, the combination of 10 µM ML141 + 10 µM TMX completely eliminated all ATM 
mut/mut cells.  This is a level of sensitivity that even exceeds that seen in our parallel work on 
enhancing sensitivity to TMX in basal-like breast cancer cells and oesophageal cancer cells.  
 
Moreover, when we compared the efficacy of TMX + ML141 on elimination of ATMmut/mut T-
cell lymphomas, we found that the combination of TMX+ ML141 was considerably more 
effective.  
 
We next analyzed whether ML141 enhances the sensitivity of normal brain cells to TMX.  As 
for DMAPT, results were very promising in that although ML141 enhanced vulnerability to 
TMX in multiple different cancer cells it did not enhance the vulnerability of normal CNS cells 
to this agent.  
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Key Research Accomplishments 
 
We have demonstrated that even in a strain of mice that is exceptionally vulnerable to 
physiological stressors, including those important in cancer treatment, the parthenolide 
derivative DMAPT does not cause apparent damage to the CNS.  Thus, this highly effective 
agent appears to be a particularly safe candidate for further examination. 
 
Through analysis of different ways in which normal cells and cancer cells respond to redox 
changes, we also have identified a second strategy by which we can harness estrogen-
receptor-independent pro-oxidative activities of TMX to more effectively kill a variety of 
cancer cells.  In analysis of T-cell lymphomas from mice with mutations in the ATM gene we 
found that this new strategy (which combines the Cdc42 inhibitor ML141 with TMX) is even 
more effective at killing these cells than DMAPT. 
 
 
Conclusion 
 
The use of DMAPT as a potential cancer treatment agent offers an unusual safety profile that 
appears to spare the CNS from damage.  In addition, the information obtained from studies 
on parthenolide-related redox biology and TMX-related redox biology has revealed a second 
strategy for harnessing directed targeting of redox status in a manner that appears to be 
suitable for treating cancer in safter and more effective manners. 
 
Thus, the research supported by this funding has placed us on very firm ground for the 
development of better cancer therapies and, more importantly, has provided insights likely to 
prove of a much more general applicability in achieving this important goal. 
 
 
Reportable outcomes 
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